In an electric vehicle, energy recovery during regenerative braking causes recharge periods of high current rate, which might damage the Li-ion traction battery. To determine the impact of regenerative braking on battery aging, an experimental cycle life study has been performed: Driving load profiles with different magnitudes of regenerative braking have been applied to high-energy Li-ion cells at different temperatures and states of charge (SoC). An additional calendar life study has enabled an identification of usage-dependent and usage-independent battery aging.
Introduction
An electric vehicle can recover energy during braking by using its electric motor as an electric generator. This regenerative braking leads to a partial recharging of the vehicle's traction battery, thus, increasing range and efficiency. Braking actions in an automobile usually last only few seconds. Hence, the traction battery is repeatedly recharged by short charging periods. The magnitude of such a recharge period depends on the rate of deceleration. Even during 'moderate' braking, the battery has to cope with substantial current amplitudes. In today's electric vehicles, the traction battery is usually composed of Li-ion cells, which have strict operational voltage limitations. Exceeding these limitations intensifies aging and can lead to safety issues. Moreover, high charging currents can also damage the cells irreversibly, thus, reducing cycle life. Obtaining a long cycle life for the battery system is a prerequisite for the longterm success of electric vehicles. Hence, a profound knowledge of the determining factors for battery aging is essential. Therefore, we present an experimental cycle life study demonstrating the effects of regenerative braking on the aging of Liion cells under different operating conditions.
Fundamentals
For the design of a meaningful cycle life study, the general limitations of charging Li-ion cells have been considered. Moreover, an appropriate cell has been selected and a representative load profile has been defined.
Charging Li-Ion Cells
The charging process of Li-ion cells is mainly limited by two factors: lithium plating on the anode and oxidation of the electrolyte solution due to high potentials at the cathode [1] [2] . Both undesired side reactions lead to an irreversible loss of cyclable lithium. Moreover, they promote the growth of resistive surface layers. [1] [3] [4] Lithium plating describes the reduction of Li + ions, dissolved in the electrolyte, to metal lithium at the anode's surface, which takes place instead of the regular intercalation as neutral lithium atoms into the host lattice structure of the active material [5] . It can originate from limitations in charge transfer or lithium solid diffusion [6] [7] . Lithium plating can occur, when the anode potential drops below the equilibrium potential of Li + /Li [6] . Some of the plated lithium later reacts irreversibly with the electrolyte and forms insoluble side products [3] [4] . Graphite anodes, which are used in most Li-ion cells, are very prone to lithium plating due to their low equilibrium potential, especially at high states of charge (SoC) [8] . As a general trend, lithium plating increases with higher SoC, higher charging currents, and reduced temperature [6] [8] . All in all, charging currents for graphite-based Li-ion cells are mainly limited by the intercalation kinetics at the anode [9] . The charging voltage is limited by the oxidation of electrolyte solvents, which occurs at high cathode (over)potentials [1] [2] . Excessive overcharging can entail gas evolution, overpressure inside the cell, an opening of the cell's safety vent, and leakage of electrolyte. As the organic electrolytes of Li-ion batteries are highly flammable, this can lead to a fire or an explosion of the cell [10] . Thus, complying with the maximum cell voltage, specified by the manufacturer, is essential for safe operation and long cycle life. Whereas a maximum value for the cell voltage is always defined in the datasheet, there are often only recommended current values for continuous charging. No detailed information is provided, which current rate can be applied to the cell for which period of time without generating plated lithium, which depends strongly on SoC and temperature. To investigate the impact of recharging the battery during regenerative braking on cycle life, an experimental study is presented in this paper.
Cell Characterization
In our cycle life study, commercial 18650 cells from a well-established manufacturer with mature production processes have been examined. Stable production processes guarantee reliable results without substantial variations from production. As electric vehicles have to provide a sufficient driving range, high-energy cells are typically used for their traction battery systems. For our cycle life study, highenergy Li-ion cells with NCA chemistry and a minimum nominal capacity of 2.8 Ah have been selected (Panasonic NCR18650PD). These cells feature high specific energy of 220 Wh/kg, high energy density of 570 Wh/l, and low internal resistance of about 20 mΩ. Good capacity utilization at elevated discharge currents, up to 10 A, and good discharge performance at low temperature, even below 0 °C, also qualify the cells for electric vehicle applications. [11] The aging of Li-ion batteries generally comprises usage-dependent and usage-independent degradation. Both lead to a loss of capacity and a rise of internal resistances. The end of life is often defined as a capacity loss of 20 % or a resistance rise by 100 %. [12] [13]
Vehicle Load Profiles
To investigate the impact of regenerative braking on battery aging in an electric vehicle, an appropriate load profile has been determined. Moreover, it has been scaled down to cell level for our experimental cycle life study. [14] As there are no specific load or driving profiles for electric vehicles, driving cycles for conventional vehicles have been used to derive load profiles for the traction battery of an electric vehicle. The study by Neudorfer et al. has analyzed different driving cycles used as standardized references for fuel consumption measurements [15] . It is distinguished between 'modal' and 'stylistic' driving cycles. Modal cycles are artificial driving cycles that consist of several sections with constant velocity. In contrast, stylistic driving cycles represent realistic driving scenarios with frequently changing velocities. For our cycle life study, only stylistic driving cycles have been considered, as they produce a more realistic load scenario. To generate a load profile for the battery of an electric vehicle, a simplified vehicle model has been used. This simulation model considers different driving resistances to compute the necessary driving power at each time step. Thus, the driving cycle's velocity profile is converted into a power profile. As described in [16] , driving power Pvehicle can be calculated as where Freq represents the sum of all driving resistances and v is the velocity of the vehicle. Freq consists of the following simplified driving resistances:
where the acceleration a is the derivative of the vehicle's velocity and v+vA is the relative velocity between air and vehicle. Due to common sign conventions, positive values of driving power indicate acceleration, whereas positive battery currents represent a charging of the battery. The following two equations, depending on the direction of the power flow of the motor, account for these conventions:
For simplicity reasons, a constant drivetrain efficiency of 0.75 and a constant auxiliary power consumption of Paux = 500 W are assumed. These simplifications are tolerable, as for the investigation of battery aging, the qualitative distribution of charge and discharge loads is substantially more important than the precise quantitative values at each time step. All presented calculations do not have the aim to describe one specific electric vehicle as realistic and accurate as possible, but to generate a generic load profile suitable for the analysis of battery aging related to regenerative braking. As a next step, the load profile is converted from the level of an entire traction battery to cell level by dividing the total power Pbattery by the number of cells N in the battery pack:
This yields the power profile Pcell for a single cell. In order to obtain a demanding load profile, a small battery pack of 1296 cylindrical 18650 cells with a total energy content of about 13 kWh is assumed. This amount of energy is sufficient for the regarded sub-compact vehicle to provide a driving range of at least 100 km. Although the load profile has been computed for a sub-compact car, comparable results can also be obtained for a larger vehicle, which has, on the one hand, a higher mass and more engine power, but, on the other hand, a larger battery system. The parameter set of vehicle B, listed in Table 1 , leads to a rather similar load profile as vehicle configuration A.
Load profiles for battery aging experiments are usually defined as current profiles instead of power profiles. This guarantees the same charge throughput for each cell, independent of its SoC or terminal voltage. This leads to a better comparability of the results. Therefore, the power profile is divided by a reference voltage Uref to obtain a current profile:
Since the investigations within this paper cover a wide SoC range, Uref has been set to 3.6 V, which is the nominal cell voltage, specified by the manufacturer. For different European and American driving cycles, velocity profiles from [17] have been transformed into current profiles for a single Li-ion cell with a numerical fixed-step solver and a step size of 1 s (see Table 2 ). Fig. 1 depicts the current histograms of several driving cycles, representing different driving conditions. This serves as a basis for the design of the cycle life study.
Experimental Aging Study
In this section, the design of the cycle life experiment is presented. This comprises the selection of an appropriate load profile, the definition of the variables for parameter variations, the tracking of cell aging, and the overall cycling process. Additional investigations on calendar life complete our aging study. 
Load Profile
For investigating the impact of regenerative braking on battery aging, highway driving cycles are beneficial, as they feature a higher energy consumption than urban and rural driving cycles. This leads to a higher charge throughput and is, consequently, simulating a higher driving distance per time (see Table 2 ). Moreover, this represents a worst-case usage scenario, as electric vehicles are often used in urban traffic conditions, where, despite of more frequent stop-and-go driving conditions, the battery load is considerably lower. driving cycle recovers substantially more charge than the other two highway driving cycles and since it contains a considerable percentage of regenerative braking events with a current magnitude above 2 A (see Fig. 1 ), it has been selected for our cycle life study. The velocity profile of this highway driving cycle is illustrated in Fig. 2 .
Velocity profile of US06 highway driving cycle
Parameter Variations
In our cycle life study, different influencing factors are investigated: Temperature, SoC, and the magnitude of regenerative braking have been varied. For each factor, at least three values have been tested. Different magnitudes of regenerative braking have been implemented by varying the maximum recharge current rate of the load profile.
Temperature
Three temperatures have been investigated: 25 °C is considered as a standard operating temperature for the Li-ion cells. To cover a realistic spectrum of average operating temperatures for an electric vehicle, an additional high and low temperature level of 40 °C and 10 °C has been examined. This can be interpreted as summer and winter conditions, when the battery pack cannot be cooled down or heated up to 25 °C. Three thermal chambers have been used to establish the different environmental conditions.
Magnitude of Regenerative Braking
The cycle life study is conducted on a BaSyTec CTS battery test system with 32 independent 5 A test channels. Within the computed US06 load profile, charge currents reach up to 4.5 A. Thus, all recharge magnitudes can be covered by the battery test system. High discharge currents, however, have to be truncated at 5.5 A, which is the limit of the test system. As variations in recharging during periods of regenerative braking are the center of interest, the limitations in discharge direction are negligible for this cycle life study.
To analyze the impact of regenerative braking on battery aging, four different levels of recharge currents have been defined: The first level is 'no recharging' (no Ire), which corresponds to no regenerative braking at all. The second level limits recharge currents Ire to 1 A (Ire ≤ 1 A) and is able to recover 8 % of the ampere-hours discharged during the driving cycle. This correlates with approximately half of the maximum recoverable amount of charge of 15 %. The third level of regenerative braking has been defined as Ire ≤ 2 A, covering more than 80 % of the maximum recoverable amount of charge. The fourth level, covering all recharge pulses, is labeled as Ire ≤ 4 A. Although there are two short charge pulses of 4.5 A, this designation is chosen, as less than 0.5 % of the recovered amount of charge is generated by these two current peaks. Fig. 3 illustrates the different current profiles, representing the four magnitudes of regenerative braking examined.
US06 load profiles for a single Li-ion cell with different magnitudes of regenerative braking, represented by different recharge current (Ire) limitations
State of Charge Levels
One run of the US06 driving cycle corresponds to a driven distance of 13 km. To obtain a more representative driving distance for the cycle life study, two runs of the load profile are performed in series before charging the cell again. As the total range of the considered electric vehicle is at least 100 km, approximately one fourth of the battery's capacity is depleted by two consecutive runs of the highway driving cycle. Within our cycle life experiment, three SoC levels are examined. The SoC levels are defined by the maximum charging voltage for a constant-current (CC) charging procedure with a charging current of 0.7 A (= 0.25 C). As shown in Fig. 4 , the charging voltages for 'low SoC', 'medium SoC' and 'high SoC' are 3.7 V, 3.9 V, and 4.1 V, respectively. Fig.  4 also illustrates the cycling windows for the three SoC levels. The remaining SoC safety margins prevent overcharging during recharge pulses at high SoC and allow to perform the cycling procedure also on aged cells approaching the end-of-life criterion of 20 % capacity loss. A slight correction of charging voltages has been conducted for the cells at 10 °C: As higher internal Voltage curve for constant-current-constantvoltage charging at 25 °C. The double arrows illustrate the cycling windows, when there is no regenerative braking.
resistances at low temperatures lead to higher terminal voltages during charging, the low SoC level has been set to 3.75 V and the medium SoC has been set to 3.925 V. The high SoC level has remained at 4.1 V in order not to expose the cell to higher voltage potentials, which might have increased lithium plating or electrolyte decomposition.
Cycle Life Test Procedure
To track the aging of the Li-ion cells, a checkup routine has been defined, which consists of capacity and cell resistance measurements. This checkup routine is identical for all cells: At 25 °C, the cells are fully charged with a constant current of 0.7 A and a constant voltage of 4.2 V, until the current drops below 0.1 A. After that, the cells are discharged with a constant current of 3 A to 2.5 V, followed by a constant voltage period with a cutoff current of 0.1 A. The additional constant-voltage discharge period enables a more precise measurement of the cell's actual capacity. All cells have performed a checkup at the beginning of the cycle life experiment and after each cycling sequence. The cycling sequence has been defined as follows: After placing the cell in its temperature chamber, it is charged with a constant current of 0.7 A (= 0.25 C), until it reaches its dedicated charging voltage. After a pause of 5 min, two consecutive driving cycle runs are performed with a pause of 1 min after each run. This combination of constant-current charging and two driving cycle runs is repeated 400 times. As each of the 400 cycles depletes about one fourth of the cell's capacity, each cell has been charged and discharged approximately 100 times its nominal capacity (= 280 Ah) between two checkups. As the Li-ion cells investigated in this aging study exhibit considerably higher changes in capacity than in internal resistance, this paper focuses on the examination of capacity changes.
Calendar Life
In order to separate usage-dependent and usage-independent aging, a calendar life study has been conducted in parallel: Additional cells have been stored at various SoC and different temperatures. Fig. 5 shows the eight SoC levels, ranging from 0 % to 100 % SoC. The storage temperatures are identical to the cycling temperatures: 10 °C, 25 °C, and 40 °C. All stored cells are examined periodically at 25 °C with the same checkup routine as the cycled cells. After each checkup, the cells are charged to their storage SoC and placed in the thermal chambers again.
SoC levels examined in the calendar life study
Results and Discussion
After five months of cycle life testing, the Li-ion cells have been exposed to a charge throughput of 1,400 Ah, which corresponds to 500 nominal full cycles and a driven distance of approximately 50,000 km. Variations in cell aging can be observed for the different cycling conditions. In the following sections, these results are presented and discussed together with the results from the calendar life study. Finally, optimized operational strategies are derived from the findings.
Calendar Life
The SoC-dependent calendar aging has been revealed by the stored Li-ion cells. Fig. 6 illustrates the capacity fade after about five months of storage for the eight different SoC and the three storage temperatures.
SoC-dependent capacity fade after five months of storage. The double arrows illustrate the three operating windows at low, medium, and high SoC. As expected, cell aging accelerates with temperature: The capacity loss at 40 °C, ranging between 2 % and 6 %, is almost twice as high as at 25 °C. A further lowering of the temperature, however, does not decelerate aging considerably. At 10 °C, there is still a capacity loss between 0.5 % and 3 %, depending on SoC. Fig. 6 also shows that cells stored in a discharged state below 20 % SoC exhibit the least capacity fade. Storage levels between 20 % and 50 % SoC cause a medium degradation rate. The fastest capacity fade occurs at a SoC interval between 60 % and 90 %. A fully charged cell, however, shows a somewhat slower capacity fade again. The data from the calendar life study serve as a baseline for the following investigations on cycle life under different operating conditions. For the three cycling windows, depicted in Fig. 6 , mean curves for calendar aging have been computed based on the capacity changes of the cells contained in the respective window. For the comparison of calendar and cyclic aging, capacity curves from calendar aging are scaled accordingly to the about four weeks of cycling between two consecutive checkups in the cycle life study.
Cycle Life
The main focus of this paper is on investigating the impact of regenerative braking on battery aging. Fig. 7 shows the results of the experimental cycle life study: Capacity losses are depicted separately for the three temperatures and the three SoC levels. In each subplot, the different magnitudes of regenerative braking are compared. Moreover, calendar aging is included to distinguish between usage-dependent and usage-independent capacity losses.
Capacity Fade at 40 °C
At 40 °C, the Li-ion cells cycled within the low and medium SoC window show almost no dependency on the level of regenerative braking. All curves lie closely together. At the end of the cycling process, cells at low SoC exhibit a capacity loss of almost 6 % and cells at medium SoC of almost 7 %. The additional capacity loss at medium SoC can be attributed to increased calendar aging. Thus, the capacity loss supplementary to calendar aging due to cycling is considered identical for both SoC levels and accounts for about 2.5 % after the total charge throughput of 1,400 Ah. Regarding the high SoC level at 40 °C, Fig. 7 demonstrates a dependency on regenerative braking, as the capacity curves diverge. A trend becomes apparent: A higher level of regenerative braking reduces the capacity loss. At the end of the test, the capacity loss supplementary to calendar aging is about 2.5 % for the cell with the maximum level of regenerative braking and more than 4 % for the cell with no regenerative braking.
Capacity Fade at 25 °C
Unlike at 40 °C, Fig. 7 shows a dependency of battery aging on the level of regenerative braking for all three SoC levels at 25 °C: Cells with a higher level of regenerative braking exhibit lower capacity losses, which corresponds to a longer cycle life. In analogy to 40 °C, capacity fade increases with higher SoC level. At low and medium SoC, capacity losses due to cycling are comparable for the same levels of regenerative braking. At high SoC, intensified aging can be observed again: Capacity losses due to cycling are more than 1 percentage point higher than at medium and low SoC. Compared to 40 °C, calendar aging is about 2 percentage points lower and cyclic aging is about 1 percentage point higher at 25 °C.
Capacity Fade at 10 °C
At 10 °C, Fig. 7 presents again a dependency on the level of regenerative braking for all SoC levels. The most pronounced impact can be observed at the high SoC level, where capacity curves diverge markedly. Although calendar aging is low at 10 °C, the cells exhibit substantial capacity losses. After the charge throughput of 1,400 Ah, capacity losses due to calendar aging amount to 1 % for low SoC, 2 % for medium SoC, and 2.5 % for high SoC. For the low and medium SoC level, additional losses of 4-5 % can be attributed to cyclic aging. At the high SoC level, the cell with maximum regenerative braking exhibits 6 % of cyclic aging; for the cell with no regenerative braking, elevated cyclic losses of 10 % are observed, which represents the most severe aging of all operating conditions. It can be assumed that the reduced kinetics at low temperature increase inhomogeneity inside the cell and that an uneven potential distribution intensifies aging effects.
Reduced Aging due to Regenerative Braking
Analyzing the capacity fade with respect to regenerative braking at different temperatures has revealed a common trend: A higher level of regenerative braking usually reduces battery aging. This trend can be observed most clearly for high SoC and low temperature. These operating conditions are known to aggravate lithium plating. Thus, the reduced aging is considered as a reduction of lithium plating. Hence, the concern of regenerative braking generating more lithium plating has been disproved for all operating conditions examined in this cycle life study. Moreover, our results lead to the conclusion that regenerative braking helps to reduce lithium plating. This can be explained by a decreased depth of discharge after the driving cycles: The more charge recovered by regenerative braking, the higher the SoC remains at the end of the driving cycle. Thus, the subsequent constant-current (CC) charging period becomes shorter. As lithium plating is reduced, when the CC charging periods become shorter, the CC charging periods appear as the main driver of lithium plating. Consequently, it is not the short recharging with high current rates during regenerative braking that promotes lithium plating, but the longlasting charging periods, when the vehicle is recharged by the grid, although the current rate is considerably lower.
To verify this assertion, capacity degradation has been plotted against the cumulated amount of charge transferred solely in the CC charging periods. Fig. 8 shows that, at the end of the cycle life experiment, the total ampere-hours charged during the CC periods are considerably lower for cells with higher levels of regenerative braking. Cells with maximum regenerative braking have only been charged with 1,200 Ah between the driving cycles, whereas cells without regenerative braking have been charged with the total 1,400 Ah during the CC charging periods. Comparing Fig. 7 and Fig. 8 , the adjustments due to the different scale basis become obvious: At 10 °C and 25 °C, capacity curves lie closer together in Fig. 8 for all SoC levels. At 40 °C, this effect can also be observed at high SoC. This confirms the direct correlation between cell degradation and the amount of charge transferred during the CC charging periods under most operating conditions.
Only for low and medium SoC at 40 °C, the correlation between cell degradation and the total charge throughput is in better agreement. Under these operating conditions, lithium plating is no determining factor for cell aging. As Fig. 7 shows, even under these operating conditions, regenerative braking does not intensify battery aging. Thus, a high level of regenerative braking is beneficial for the cycle life of a Li-ion battery system in an electric vehicle. By reducing the depth of discharge and the duration of the subsequent charging period, regenerative braking can reduce lithium plating considerably.
Impact of Temperature
Our aging study also demonstrates that the contributions of calendar aging and cyclic aging vary with temperature. Fig. 9 
Optimal Operating Conditions
Our study shows that cyclic aging increases with lower temperature and calendar aging increases with higher temperature. Thus, an optimization is necessary to minimize the aging of a Li-ion battery. During storage periods, temperature should be kept low to reduce calendar aging. When cycling the battery, especially when charging the battery, a higher temperature should be established to minimize aging due to lithium plating. When charging the battery for a longer time at low temperature, current rates should be kept low to reduce lithium plating. In addition to temperature, the SoC level also influences aging substantially. High SoC levels have been detrimental for calendar and cyclic life. Thus, to minimize battery aging, a high SoC should be avoided whenever possible. Moreover, long-lasting charging periods have been identified as main driver of lithium plating. Thus, reducing the depth of discharge during cycling can decrease battery aging. A high level of regenerative braking should be implemented, as it reduces the depth of discharge and has shown no detrimental effects on cycle life. In our study, cells cycled at 25 °C provide a good compromise between calendar and cyclic aging. Extrapolating their capacity degradation for maximum regenerative braking at low or medium SoC predicts a capacity loss of only about 10 % after a driven distance of 100,000 km. This highlights the potential of optimized operating conditions.
Conclusion
Our cycle life study has provided valuable new insights on the impact of regenerative braking on the aging of a Li-ion traction battery in an electric vehicle: Under all operating conditions investigated, there have been no detrimental effects of regenerative braking on battery life. Moreover, regenerative braking has prolonged cycle life by reducing the depth of discharge. Our study has shown that it is not the short-time recharging with high current rates, but the longlasting charging periods, even with comparatively low amperage, that leads to battery aging related to lithium plating. By reducing the depth of discharge and the duration of the subsequent recharging period, regenerative braking has decreased lithium plating. This has been observed most pronouncedly at high SoC and low temperature. These conditions are known as the main drivers of lithium plating.
Although our study provides clear insights, there are still open questions for further research on battery aging related to regenerative braking, such as determining the maximum current rates applicable without generating plated lithium, the interdependencies of cycle depth and aging, and the aging behavior below 10 °C. Our additional investigations on calendar aging have revealed that cyclic aging decreases with temperature, whereas calendar aging increases. Moreover, the results of the calendar life study have exhibited an accelerated cell degradation at a SoC above 60 %. Thus, an optimization of operating conditions is essential to maximize battery life. First cycle life projections, based on an extrapolation of the experimental data, show that under optimized operational conditions, there is only a capacity fade of about 10 % after a driven distance of 100,000 km. With such low degradation, battery replacements become redundant during the life of most electric vehicles. Thus, optimized operational strategies with a high magnitude of regenerative braking can promote the spread of electric vehicles by reducing the total cost of ownership.
